u-Twenty cases treated with emergency embolectomy for acute occlusion of the middle cerebral artery were reviewed. There were 10 males and 10 females, with an average age of 55 years. The left middle cerebral artery was involved in 17 patients and the fight in three. Flow was restored in 16 patients (75%). The embolus originated in the heart in seven, the carotid artery in seven, the aorta in three, an aneurysm in one, and an indeterminate source in two. It was technically most difficult to achieve patency with atheromatous emboli from the aorta. Two patients (10%) had an excellent result with no neurological deficit, five (25%) were left with a minimal deficit but were employable, seven (35%) had a fair result but were still independent and employable, four (20%) did poorly, and two (10%) died. Patients with an associated ipsilateral carotid artery occlusion did poorly. Collateral flow, as judged from preoperative angiograms, was the best predictor of outcome.
T HE role of emergency embolectomy for acute occlusion of the middle cerebral artery (MCA) remains controversial for several reasons. First, because of the paucity of case reports, the surgical results of embolectomy as compared with the natural history of the disease remain inconclusive. Second, the natural history of MCA ischemia secondary to acute occlusion is not well defined. Third, there are good experimental data that support the concept of a critical period of reversible ischemia. We have analyzed 20 cases of MCA embolectomy operated on at the Mayo Clinic in an attempt to provide additional information with respect to patient selection, prognostic factors, surgical results, and complications.
Review of the literature disclosed 64 cases of MCA embolectomy?,~ ~.~5-2o,2~.2s.3o. 32.33,4~-43.47.49.52.54.55 These cases are summarized in Table 1 . However, further inspection demonstrates that only 24 cases were performed within 24 hours of occlusion (Table 2) . In these cases, the time for reestablishment of flow ranged from 40 minutes to 18 hours after occlusion. The tabulated results in these 24 cases show that 14 (58%) improved, one was unchanged, and nine (37.5%) died. Six of these deaths were related to either surgery or the actual ischemic event. There were two hemorrhagic infarctions, one of which resulted from the use of anticoagulation therapy. 42 Eighteen arteries were demonstrated to be patent either by angiography or at autopsy, and one additional patient had partial restoration of flow. 19 There were indications of good preoperative collateral flow in eight patients, 11~15,w,2~176 seven of whom improved after surgery, supporting the concept initially proposed by Welch 52 of the protective effect of collateral flow.
Summary of Cases

Case Material
A computerized search was made in the Mayo Clinic files for those patients undergoing emergency MCA embolectomy from 1970 to 1983, yielding 20 cases. These cases were reviewed extensively along with their preoperative and postoperative angiograms. All patients were seen in follow-up consultation by a member of the neurology department. Further information was obtained by direct contact with the patient and family when possible. Table 3 gives a summary of the clinical data. The series included 10 males and 10 females, with an average age of 55 years. The embolus originated in the heart in seven, the carotid artery in seven, the aorta in three, an aneurysm in one, and an indeterminate source in two. Angiographic documentation of restored flow was obtained in 16 patients (75%). The left MCA was involved in 17 patients and the right in three, 
Operative Technique
Each operation was performed through a pterional craniotomy. After exposure of the MCA-internal carotid artery complex, nontraumatic aneurysm clips were placed on the main divisions of the MCA distal to the embolus. The location of the embolus was identified by the bluish discoloration of the nonpulsatile artery. Preferably, the arteriotomy was made in one of the divisions, although occasionally the main trunk of the MCA was incised. The embolus was milked out by means of suction and forceps, and with the sequential use of anterograde and retrograde flow through the MCA complex (Fig. 1 ) . After the embolus was removed, the arteriotomy was closed with 9-0 or 10-0 monofilament sutures. Most patients were given pentobarbital, 4 mg/kg, at the start of the operation, and the systolic blood pressure was elevated to enhance collateral flow.
Operative Results
Prior to surgery, each patient had a severe neurological deficit including hemiplegia, and a reduced level of consciousness; aphasia was recorded in cases with left MCA obstruction. In evaluating the surgical results, the following definitions were used: "excellent" indicated no demonstrable neurological deficit; "good" was applied to patients with minimal residual neurological deficit but who were employable; "fair" described patients with moderate disability but who were still independent and employable; and "poor" indicated total disability with profound deficits. Overall, two patients (10%) had an excellent outcome, five (25%) made a good recovery, seven (35%) had a fair outcome, four (20%) were considered to have a poor result, and two (10%) died. Complications included two hemorrhagic infarctions; the time for flow restoration in these two cases was 4 hours 20 minutes and 8 hours. A third patient had a cerebrospinal fluid leak (Table 3) .
Outcome had some relation to the source of emboli but not to the site of MCA occlusion (Fig. 2 ). An aortic embolus was the cause of occlusion in two of three patients in whom restoration of flow was not possible. As originally suggested, 38 friable atheromatous emboli are not technically suited to embolectomy, as compared with organized flbrin-platelet clots (Fig. 3 ), because they tend to fragment and migrate distally. The prognosis was poor in patients in whom flow could not be restored (Fig. 4) , but when patency was achieved the duration of occlusion apparently had no relation to outcome (Fig. 5) .
Patients with MCA occlusion associated with a carotid occlusion, either intracranially or extracranially, did poorly (Fig. 6 left) . This may relate to a profound loss of flow to the lenticulostriate arteries, which are functional end-arteries, as well as a reflection of diminished opportunity for ipsilateral leptomeningeal collateral flow. The correlation of outcome with collateral flow is presented in Fig. 6 right. The degree of collateral flow was assessed by two criteria; namely, the leptomeningeal collateral flow on the preoperative angiogram (Figs. 7, 8, and 9 ) and the actual backflow from the MCA branches at the time of surgery. The results suggest that good collateral flow to ischemic tissue provides a better prognosis (Fig. 6 right) . 
Discussion
Natural History
The natural history of acute occlusion of the MCA, either embolic or thrombotic, is difficult to define. Review of the literature gives a wide spectrum of information. In 1965, Carter ~~ reviewed 34 patients and noted a 33% mortality rate with this disease. Of the surviving patients, eight (29%) made good recoveries, three (8.8%) had moderate recoveries, and 13 (38.2%) were totally disabled. Burrows and Lascelles 9 reported on 59 patients. One-third succumbed to the initial stroke, and one-half of the remainder had severe deficits. Bladin, 6 reviewing 20 cases of acute occlusion, observed that eight had recanalization of the occluded artery, and two had distal migration of the clot demonstrated on serial angiography. However, five patients (25%) died from the initial ischemic event. Irino, et al., 25 reviewed seven cases, and noted recanalization in five of them; however, four of these five patients died within 2 weeks secondary to hemorrhagic infarction. Dalal, et al., ~3 described nine cases of MCA embolization, with recanalization in eight; only two of these eight patients had improvement in neurological function. He also suggested that recanalization was associated with an increasing mortality rate.
On the other hand, Allcock I reported on 40 patients with both stenosis and occlusion. This paper is often cited with an overall 5% mortality rate, with 72% of the patients making a good recovery. However, if one analyzes his subset of 29 patients with occlusions, the long-term results revealed eight patients (27%) with good recoveries, 11 (38%) with fair recoveries, four (13.8%) with poor results, and six (20.7%) who were totally dependent. Allcock also suggested that the presence of collateral flow was a favorable prognostic indicator. Kaste and Waltimo 29 reviewed a series of 83 patients. They found an acute mortality rate of 5%, with all deaths occurring in patients with left hemispheric lesions; 53 patients (72%) were fully independent, 20 (27%) required assistance, and one patient was totally dependent. It should be noted that in their group of 53 fully independent patients, only seven were hemiparetic, and only five had a reduced level of consciousness at the onset of the stroke. Therefore, at the time of ischemia, this group was less debilitated than our group of surgical patients. Krayenbiihl and Ya~argi 131 reviewed 100 patients with MCA occlusions. There was a 5% initial mortality, and an additional 5% died within 1 year. Of the surviving patients, 54% made good recoveries, and only 18% had serious impairments.
Some authors have reported spontaneous recanalization, presumably due to lysis of the embolus over a period of time. Day 14 reviewed 13 patients with MCA occlusion; 11 of these underwent subsequent angiography which showed recanalization in six. As already discussed, Bladin 6 Therefore, it remains difficult to determine the true natural history of acute occlusion of the MCA. In our surgical group, at least seven patients (35%) did quite well, and, from the observations of the attending physicians, probably better than would have been expected without intervention. The seven (35%) patients with a fair result are probably a closer reflection of the natural history of this disease.
Experimental Background and Clinical Correlates
The functional integrity of the central nervous system depends on the adequate delivery of substrates for energy metabolism (oxygen and glucose). Review of experimental animal and human models of stroke suggests that there are several thresholds of cerebral ischemia. As demonstrated by Sundt, eta/., 4~ and Trojaborg and Boysen, 48 in man there is an immediate electroencephalographic change if total cerebral blood flow falls below 0.16 to 0.18 cc/gm/min. Branston, et al., 8 demonstrated that there is a change in evoked somatosensory potentials in the baboon if flow falls below 0.15 cc/gm/min. This has been called "the flow threshold of electrical failure in the cerebral cortex," and this threshold appears to be relatively universal in various animal models. 23 The second threshold has been termed "pump failure," which is demonstrated experimentally by an increase in extracellular potassium during ischemia at a flow of about 0.10 cc/gm/min, implying a depletion of adenosine triphosphate (ATP) for the Na § § pump. 2'4'7 This onset of membrane pump failure may herald the start of other metabolic imbalance such as an increase in intracellular calcium 21 and the liberation of free fatty acids. 53 The exact point of irreversible cell damage is unclear. The presumption is, however, that cell membrane dysfunction approximates closely the time of cell death. The reduced flow between neuronal electrical dysfunction and cell membrane pump failure has led to the concept of the "ischemic penumbra," a region of viable but nonfunctioning cerebral tissue surrounding a zone of infarction. This concept implies that there is a range of reversible ischemia between the functional threshold and cell death in which jeopardized neurons may be salvaged. 3 ' 22 From a second perspective, there is the element of time in the evolution of infarction. Studies by many investigators, including Sundt, et al., 43"45'46 Crowell, et al., t2 Watanabe, et at., 5~ Dujovny, et al., j7 and Morawetz, et al., 37 using various animal models, have all demonstrated a critical period of MCA occlusion (ranging from 2 to 7 hours) which may be tolerated without infarction. Additionally, most of these studies suggest that restoration of flow after the tolerated time of occlusion increases the likelihood of hemorrhagic infarction, presumably because of increased vascular permeability secondary to ischemic damage to the endothelium. Clinically, 6 hours without blood flow has been pro- posed as the time of reversible occlusion in humans, after which infarction is likely to occur. But, as demonstrated in Fig. 5 , time to restoration of flow did not reliably predict outcome. Furthermore, restoration of flow was delayed longer than 6 hours in many cases without producing hemorrhagic infarction.
In addition, the concept of tissue vulnerability to ischemia can be applied to both the morphological 24353~ and physiological 2427 functions of neurons. It appears that more complex neuronal function is altered at an earlier time of reduced flow. Finally, the influence of collateral flow emerges as an important factor. Collateral flow may improve perfusion, perhaps critically elevating tissue into the '%chemic penumbra" from the level of cell death. The importance of collateral flow is supported experimentally. The variations in tolerance to MCA occlusion in different animal models may be explained in part by differences in anatomic collateral flow. Furthermore, Michenfelder and Sundt 3~ demonstrated in the squirrel monkey a slow decrease in ATP in the first 3 hours after MCA occlusion, suggesting that there was some low level of collateral flow permitting oxidative phosphorylation. Morawetz, et al., 37 concluded that there was a good correlation between the decrease in cerebral blood flow and infarct size. Figure  6 ri, ght demonstrates that collateral flow was the most important prognostic factor. Since all of our patients had acute severe neurological deficits after the occlusion, the cerebral blood flow was presumably below the threshold for electrical failure. However, seven of these patients made a remarkable recovery, especially those judged to have had good preoperative collateral flow. Therefore, this collateral flow must have been sufficient to prevent irreversible cell damage in the majority of the compromised neurons, maintaining them within this "ischemic penumbra," and thereby enhancing the salvaging effect of an emergency embolectomy.
Analysis of r Results
Although the natural history of MCA occlusion is variable, it is our impression that patients with acute profound deficits will do poorly. In this series, MCA embolectomy appears to have effected good outcome in a significant number of such patients and therefore is an alternative treatment in selected patients. There are several prognostic factors that should be examined as each patient is considered for an emergency MCA embolectomy. First, if the embolus is atheromatous debris from the aorta, the ability to completely remove the embolic fragments and fully restore flow by means of this procedure is poor. Second, although we could not demonstrate a good correlation between early restoration of flow and outcome, it would appear that embolectomy after a prolonged delay is unwarranted. Third, if the embolus is associated with an ipsilateral carotid occlusion, the prognosis is poor. Fourth, good collateral flow to the MCA complex on the preoperative angiogram is a favorable prognostic indicator.
The final outcome of each patient reflects the interaction of various parameters, including time of occlusion, collateral flow, and tissue vulnerability. The patients who would be expected to benefit the most from an embolectomy would be those who had good collateral flow and a short period of MCA occlusion, but the fact that collateral flow was the premier prognostic factor demonstrates the exquisite susceptibility of neurons to oligemia.
